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Abstract
LHCb is a dedicated ﬂavour physics experiment at the Large Hadron Collider (LHC) at CERN. The Vertex Locator
(VELO) is an essential part of the LHCb detector, permitting precision measurements of the production and decay
vertices of beauty and charm particles. The VELO consists of a series of silicon micro-strip detectors, arranged in two
retractable halves. Positioned only 7mm from the beam during normal operations, it must withstand very high levels of
radiation. The performance of the LHCb VELO during the ﬁrst year of LHC physics running is presented.
c© 2011 CERN, for the beneﬁt of the LHCb Collaboration. Published by Elsevier BV. Selection and/or peer-review
under responsibility of the organizing committee for TIPP 2011.
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1. Introduction
LHCb is a dedicated experiment for the study of ﬂavour physics at the Large Hadron Collider (LHC)
at CERN [1]. In particular the experiment is designed to study CP violation and rare decays of beauty and
charm particles and to search for evidence of contributions from New Physics amplitudes. This programme
is highly complementary to the direct searches being performed at ATLAS and CMS.
The LHCb detector is designed as a forward arm spectrometer, which takes advantage of the correlated
production of bb pairs at small angles to the beam axis. The interaction point is surrounded by the Vertex
Locator (VELO) sub-detector, the role of which is to precisely determine both the position of the primary
vertex from the initial pp collision and those of secondary vertices from the decays of beauty and charm
particles. Such hadrons have a lifetime of the order of 10−12 s, which combined with the highly relativistic
boost means that their average ﬂight distance is around 1 cm.
The VELO consists of two retractable halves, each of which contain 21 modules. Each module has
two semi-circular silicon micro-strip sensors mounted back-to-back that provide measurements of the radial
co-ordinate (R sensor) and the azimuthal angle (φ sensor). In addition to the 42 VELO modules there are
4 pile-up veto modules, which contain only an R sensor and are located upstream of the VELO modules
and the interaction region. Each sensor is formed from 300 μm thick n-in-n silicon and contains 2048 strips
with a pitch varying between 40 μm and 100 μm. During injection and adjustment of the beams each half
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Fig. 1. Layout of the VELO modules with respect to the pp interaction region in the xz-plane at y = 0. R sensors are the solid (red)
lines while φ sensors are the dashed (blue) lines. Also shown are the xy-plane views of the ﬁrst two modules in both the fully-closed
(left) and fully-open (right) positions. The pile-up veto stations, which each consist of a single R sensor, are located upstream of the
VELO sensors.
of the VELO is retracted by 2.9 cm, while during stable beams the halves are brought together, such that
the nearest silicon is only 7mm from the beam. A schematic of the VELO layout is shown in Fig. 1, which
shows how the modules of one half are oﬀset with respect to the other. Consequently, when the VELO is
fully closed there are regions of overlap between the two halves, which is extremely useful for determining
the relative alignment of the two halves, as well as providing full azimuthal coverage. The detectors are
placed in a secondary vacuum and are separated from the LHC vacuum by a 300 μm thick aluminium foil,
which also guards against RF pickup from the beam. The modules are cooled by an evaporative CO2 system
with an operating temperature of −30◦C.
2. VELO Performance
This section gives details of a number of performance criteria for the VELO during the LHC physics
running in 2010 and up to July 2011.
2.1. Signal and Noise
The VELO plays a very important role in the High Level Trigger (HLT), since displaced vertices in
an event are an excellent indicator of the presence of beauty or charm hadrons. To maintain a high level
of trigger eﬃciency requires a good signal-to-noise ratio in the VELO. Figure 2 shows a ﬁt to the ADC
count distribution for clusters assigned to tracks for the inner strip region of an example φ sensor. The
Most Probably Value is seen to be ∼ 37. The noise levels in both the R and φ sensors are shown in Figs. 3
and 4 and are generally seen to be below 2 ADC counts. Consequently the current performance is as per the
design, with S/N > 20 in most sensors.
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Fig. 2. Fit of a Landau convolved with a Gaussian to ADC count distributions for clusters on tracks where the radius at the sensor was
r = 10 − 15mm (inner strips region). The peak and the full width at half maximum values are shown. The data has been corrected for
the track angle to make every entry equivalent to a track crossing 300 μm of silicon.
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Fig. 3. Noise in ADC counts for each strip in an R sensor, averaged over all modules. The strip numbering runs from the innermost to
the outermost strip in one quadrant of the sensor and then repeats for each of the other three quadrants. The noise can be seen to rise
with increasing radius due to the greater length of each strip. The points with both higher noise and RMS are due to header crosstalk
on the ﬁrst channel in each link.
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Fig. 4. Noise in ADC counts for each strip in a φ sensor, averaged over all modules. The points with both higher noise and RMS are
due to header crosstalk on the ﬁrst channel in each link. The three coloured regions correspond to the three diﬀerent types of strips
present in a φ sensor. The diagram on the right shows the locations of these various strip types.
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Fig. 5. Stability of VELO inter-half y translation alignment as a function of run number for 2010 data taking.
2.2. Spatial Alignment and Hit Resolution
Since the VELO halves are retracted for each LHC injection and closed again once stable beams have
been achieved it is vital that the alignment of the system be well understood. The alignment process uses
residuals between hits and ﬁtted tracks and proceeds in three stages:
• alignment of R and φ sensors within each module,
• module to module alignment within each VELO half,
• alignment of the two VELO halves.
The inter-half alignment is evaluated by measuring the distance between primary vertices reconstructed with
tracks created using information from only one half or the other. Further details on the alignment process
can be found in Ref. [2]. Module and sensor alignment is known to better than 4 μm, while the inter-half
alignment is stable over time to better than 5 μm, as can be seen in Fig. 5.
Once the alignment procedure has been applied the single hit resolution can be evaluated by measuring
the residual of a cluster to a track made excluding that cluster and correcting for the track uncertainty. This
quantity will vary as a function of both the strip pitch and the projected angle of the track and is shown in
Fig. 6 for data taken in 2010. The VELO performs considerably better than simple binary resolution due
to the analogue pulse height readout. The best resolution is ∼ 4 μm for 40 μm strip pitch, which is the best
vertex detector resolution at the LHC.
2.3. Primary Vertex and Impact Parameter Resolution
The primary vertex (PV) resolution is evaluated by splitting the tracks in an event into two randomly
chosen, equally sized sets. Each set is then used to ﬁt the PV and the separation between the two vertices
is used to determine the resolution. Figure 7 shows the x, y and z resolution as a function of the number
of tracks used to form the vertex. With 25 tracks per vertex the PV resolutions are: σx = 13.1 μm, σy =
12.5 μm, σz = 71.1 μm, which are approaching the design levels.
The impact parameter (IP) is the distance of closest approach of the track to the PV and is an extremely
important variable for identifying long lived particles such as charm and beauty hadrons. The IP resolution
has contributions from both the single hit and PV resolutions as well as multiple scattering. Figure 8 shows
how the IP resolution has improved with data based alignment but that some disagreement with simulation
remains. The discrepancy is mainly in the slope of the linear ﬁt, which indicates that the source is the
multiple scattering. This in turn points to a possible problem with the description of the material, or of the
track interactions with the material, in the simulated detector, which is under investigation.
2.4. Material
The simulated material description can be used to estimate the total material budget of the VELO. A
particle will pass through 0.032X0 of material (where X0 is a radiation length), on average, before reaching
a radius of 8.2mm where the active silicon starts. However, this amount of material varies signiﬁcantly as a
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Fig. 6. Hit resolution as a function of strip pitch for two bins of the projected track angle (blue line: 0◦ − 4◦, black line: 7◦ −
11◦), evaluated for an R sensor using 2010 data. The dashed (red) line shows the binary resolution (resolution for a digital detector
behaviour).
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Fig. 7. Primary vertex resolution as a function of the number of tracks used to form the vertex for x (red line) and y (blue line) on the
left and z on the right. The data shown are from events taken in 2011 that contain exactly one primary vertex.
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Fig. 8. Impact parameter resolution as a function of 1/pT for simulation and 2010 data with various versions of the alignment (left)
and 2011 data (right). The agreement with simulation has improved with the alignment but some discrepancy, particularly in the slope,
remains. The 2010 and 2011 data show excellent agreement in both the intercept (13.0 and 13.2, respectively) and slope (24.1 and
24.7, respectively).
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Fig. 9. Material traversed (expressed as the fraction of a radiation length X0) along particle trajectories between the interaction point
and a radius of 8.2mm, as a function of pseudorapidity (η) and azimuthal angle (φ).
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Fig. 10. Reconstructed vertices in the region of the Vertex Locator in a sample of beam gas events taken in 2010. Hadronic interactions
in the detector material are seen over the whole z range of the VELO (left). The R and φ sensors in each module and the undulating
form of the RF foil are clearly visible in a more restricted range of z (right).
function of pseudorapidity and azimuthal angle, as shown in Fig. 9. On leaving the VELO at z = 835mm
a particle will have passed through 0.221X0 on average. As mentioned in Section 2.3, the comparison of
the IP resolution in data and Monte Carlo simulation (MC) indicates a possible discrepancy in the amount
of material in the simulation. Therefore a method was devised to make a direct comparision of the amount
and distribution of material in data and MC. The method uses the ability of the VELO to make precision
measurements of vertex positions by constructing vertices from the products of hadronic interactions in the
material of the detector. Samples of events where one of the beams has interacted with a gas molecule in
the beampipe are used to give coverage of the full length of the VELO. Figure 10 shows the distribution of
these constructed vertices in 2010 data. The main features of the VELO, such as the R and φ sensors and
the RF foil, are clearly resolved. Preliminary comparisons with MC simulation indicate good agreement in
the overall amount of material, although there are some diﬀerences in its distribution. Further investigation
with larger statistics samples are underway.
2.5. Radiation Damage
As previously mentioned, the ﬁrst active strip in the VELO is only 8mm from the beam while the outer
strips are ∼ 40mm away. As such some regions of the VELO will be subjected to extremely high radiation
doses – maximum ﬂuence of 1.3 × 1014 1MeV neq/ cm2/2 fb−1 predicted at 14 TeV. The dose is also highly
non-uniform with a strong dependence on both radius and the z position of the station. Various studies have
been performed to investigate signs of radiation damage to the sensors:
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Fig. 11. Change in current for a VELO sensor (solid black line) and delivered luminosity (dashed red line) as a function of time.
The change in current is expected to be directly proportional to the received ﬂuence. The sharp decrease in the middle of the graph
correlates to the annealing at 20◦C over the winter shutdown 2010-2011. The sensors have been operated at 150V.
• current vs applied voltage
– current expected to increase with bulk damage
– linearly related to the ﬂuence
• noise vs applied voltage
– provides eﬀective measure of depletion voltage
– determine the voltage required to achieve 80% of the value of 1/noise at full depletion
• charge collection eﬃciency
– provides another eﬀective measure of depletion voltage
– determine voltage that gives charge collection eﬃciency of 80%.
For the ﬁrst study the values over time are compared with integrated luminosity. For the latter two studies
the values for the unirradiated detector and the irradiated detector are compared; the expectation being for a
larger change to be seen at smaller radii, where the ﬂuence is higher. The results of these three studies are
shown in Figs. 11 to 13 and each show clear evidence of radiation damage, in accordance with expectations.
At this stage the level of damage has no eﬀect on the performance of the detector.
3. Summary
The LHCb VELO has operated extremely well since the start of LHC operations. The day-to-day opera-
tion of the detector is becoming smoother over time with routine operational control now handed over to the
LHCb central shift leader. The detector performance is already close to design parameters, with exceptional
best hit resolutions of 4 μm. The improvements already made from studying the 2010 data will reap futher
beneﬁts for the LHCb physics programme in 2011. There is, of course, still some room for improvements
in certain areas and work is ongoing to bring these about. In addition there will be many new challenges to
come from radiation damage to the sensors, the ﬁrst evidence for which has been reported here.
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Fig. 13. Mean change in the eﬀective depletion voltage (as determined from the charge collection eﬃciency) between 0 and 40 pb−1 as
a function of the radius of the region on the sensor. The data is from a combination of all R sensors. The change in eﬀective depletion
voltage is largest at smaller radius.
